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In Brief Doodhi et al. show that Eribulin binds to a site on b-tubulin, which is exposed at the plus ends of microtubules. Binding of single Eribulin molecules induces erratic microtubule growth, catastrophes, and splitting of EB3 comets. The authors propose that Eribulin amplifies a natural catastrophe pathway by inhibiting protofilament elongation.
SUMMARY
Microtubules are dynamic polymers built of tubulin dimers that attach in a head-to-tail fashion to form protofilaments, which further associate laterally to form a tube. Asynchronous elongation of individual protofilaments can potentially lead to an altered microtubule-end structure that promotes sudden depolymerization, termed catastrophe [1] [2] [3] [4] . However, how the dynamics of individual protofilaments relates to overall growth persistence has remained unclear. Here, we used the microtubule targeting anti-cancer drug Eribulin [5] [6] [7] to explore the consequences of stalled protofilament elongation on microtubule growth. Using X-ray crystallography, we first revealed that Eribulin binds to a site on b-tubulin that is required for protofilament plus-end elongation. Based on the structural information, we engineered a fluorescent Eribulin molecule. We demonstrate that single Eribulin molecules specifically interact with microtubule plus ends and are sufficient to either trigger a catastrophe or induce slow and erratic microtubule growth in the presence of EB3. Interestingly, we found that Eribulin increases the frequency of EB3 comet ''splitting,'' transient events where a slow and erratically progressing comet is followed by a faster comet. This observation possibly reflects the ''healing'' of a microtubule lattice. Because EB3 comet splitting was also observed in control microtubules in the absence of any drugs, we propose that Eribulin amplifies a natural pathway toward catastrophe by promoting the arrest of protofilament elongation.
RESULTS AND DISCUSSION
Crystal Structure of the Tubulin-Eribulin Complex To investigate the molecular mechanism of action of Eribulin on tubulin and microtubules, we soaked crystals of a protein complex composed of two ab-tubulin heterodimers (T 2 ), the stathmin-like protein RB3 (R) and tubulin tyrosine ligase (TTL) [8, 9] with Eribulin ( Figure 1A) , and determined the tubulin-bound structure of the drug by X-ray crystallography at 2.2 Å resolution (Figures 1B and S1A; Table S1 ). Eribulin bound to the so called vinca domain at the inter-dimer interface between two longitudinally aligned tubulin dimers [10, 11] (Figure 1C ), consistent with previous biochemical information [6, [12] [13] [14] . However, Eribulin also interacted in a similar manner with the exposed b-tubulin subunit of the second tubulin dimer in the T 2 R-TTL complex ( Figures 1B and S1A) . To probe the tubulin-Eribulin interaction in solution, we performed hydrogen deuterium exchange experiments in combination with mass spectrometry (HDX-MS). As shown in Figure 1D , little change was seen in a-tubulin upon Eribulin binding to unassembled tubulin. In contrast, Eribulin protected four peptides, 74-111, 128-151, 167-187 and 212-230, of b-tubulin from hydrogen deuterium exchange ( Figures 1D  and S1B ). These data suggest that Eribulin binds predominantly to half of the vinca domain on b-tubulin.
Eribulin is engaged with both common and unique structural elements compared to the archetypical vinca-site ligand Vinblastine ( Figure 1C ). Its binding site is shaped by hydrophobic and polar residues of helices H1, H6, and H7 and loops H6-H7, S3-H3 0 (T3), and S5-H5 (T5) of b-tubulin ( Figure 1E ), which is consistent with our HDX-MS data. In addition, the ''cage'' structure of Eribulin ( Figure 1A ) is in contact with the ribose moiety of the guanosine nucleotide. It seems to act as a molecular ''lid'' that could inhibit nucleotide exchange and tubulintubulin-induced hydrolysis ( Figure S1C ), in agreement with biochemical data [12] [13] [14] . In the tubulin-Eribulin complex, the ligand wraps around the side chain of Tyr224.
The curved structure of tubulin in the T 2 R-TTL complex corresponds to the conformation of unassembled tubulin [15, 16] . The arrows in (A) and (E) point to the site in Eribulin to which the Alexa 488 fluorophore has been attached. See also Figure S1 and Table S1 .
However, tubulin undergoes a ''curved-to-straight'' conformational transition upon assembly into microtubules [17] . We found that the overall architecture of the Eribulin-binding site is only marginally affected by the curved-to-straight structural rearrangements ( Figures S1D and S1E ). This analysis indicates that Eribulin should also be able to interact with tubulin in the straight conformational state. We also investigated Eribulin binding in the context of two longitudinally aligned tubulin dimers as found in microtubules: as shown in Figure 1F , we found that the strand S9, helix H10, and loop T7 of a-tubulin from the neighboring tubulin dimer would clash into the main body of the Eribulin molecule. These results suggest that Eribulin can sequester tubulin dimers into assembly incompetent tubulin-Eribulin complexes. However, they further indicate that the drug could also bind b-tubulin subunits exposed at distal microtubule plus ends, which is expected to effectively inhibit or even terminate protofilament elongation. Notably, the mechanism of action of Eribulin is different from that of Vinblastine, which induces tubulin ringlike oligomer formation due to the binding of the drug to the full vinca domain that is shaped by residues stemming from both a-and b-tubulin subunits [10, 12] . The mode of action of Eribulin is, however, similar to the clinically relevant microtubule-destabilizing agent Maytansine that binds to a site on b-tubulin that is distinct from the vinca domain but also located at the longitudinal interface between tubulin dimers in microtubules [18] . In addition, the binding site of Eribulin overlaps with the one of DARPin D1, a designed ankyrin-repeat protein that caps microtubule plus ends and induces their disassembly [16] .
Design and Characterization of a Fluorescently Labeled Eribulin Derivative
To test the predictions that emerged from our structural data, we synthesized a fluorescent Eribulin derivative in which an Alexa 488 fluorophore was attached to the H 2 N35 group of the drug (Eribulin-A488; Figure S2A ). Based on the tubulin-Eribulin complex structure, we reasoned that the addition of a large chemical entity to the H 2 N35 group of Eribulin should not significantly affect the tubulin-binding properties of the drug, as this site is located at a distance from the b-tubulin surface and points into solution (see arrow in Figure 1E ). The affinity of Eribulin-A488 for tubulin was assessed by fluorescence anisotropy titration experiments, which revealed an equilibrium dissociation constant, K D , of 34 ± 3 nM ( Figure S2B ). The affinity of unmodified Eribulin was subsequently determined as 45 ± 15 nM by a competition experiment ( Figure S2B ). These results show that Eribulin binds with high affinity to unassembled tubulin and that the fluorophore in Eribulin-A488 does not significantly interfere with the binding activity of the drug. Notably, a previous study reported the binding of [3H]Eribulin to tubulin using a centrifugal gel-filtration assay [6] . This study revealed that Eribulin binds to a single site on b-tubulin with an overall K D of 46 mM but also shows a highaffinity interaction with a K D of 0.4 mM for a subset of tubulin dimers. The difference between our results and the previous study is likely due to the very different assay systems used.
We next assessed whether Eribulin-A488 binds specifically to microtubule plus ends. We found that Eribulin-A488 (1-10 mM) indeed localized only to one end of GMPCPP-or Taxol-stabilized microtubules (Figures 2A and 2B ), which was identified as the plus end by using microtubule gliding assays with the plusend-directed motor kinesin-1 ( Figure S2C ). To quantify the fluorescence signals at microtubule ends, we used the averaged intensity of single Eribulin-A488 molecules that were non-specifically bound to the coverslip as a reference ( Figures S2D-S2G ). We estimated that an average of approximately four fluorescent Eribulin molecules localized to a single microtubule end if the drug was washed away before imaging ( Figure 2C ) and approximately ten molecules if the microtubules were imaged directly ( Figure S2H ). Given that after spontaneous nucleation microtubules in vitro are composed of 11-17 protofilaments [19] , these data suggest that the majority of the protofilaments have at most one single Eribulin molecule bound to their exposed b-tubulin subunit at distal microtubule plus ends.
Effects of Eribulin-A488 on Microtubule Dynamics
The effect of Eribulin-A488 on microtubule dynamics was tested using a total internal reflection fluorescence (TIRF) microscopybased microtubule dynamics reconstitution assay [20, 21] . As shown in Figures 2D and 2E , 500 nM Eribulin strongly slows down the microtubule growth rate at plus ends without significantly affecting the catastrophe frequency. In contrast, the microtubule minus-end growth rate was not affected ( Figure 2F ). However, minus ends displayed substantial pausing, which strongly complicated the reliable quantification of catastrophes ( Figure 2D ). We thus cannot exclude that in the conditions tested Eribulin affects microtubule minus-end dynamics to some extent, but the drug certainly did not inhibit minus-end elongation.
Next, we examined the effect of Eribulin on microtubules grown in the presence of mCherry-labeled EB3 (mCherry-EB3) [22] . Our previous work has shown that EBs sensitize microtubule plus ends to the action of microtubule-targeting agents by promoting catastrophes [21] . Similarly, we found that in the presence of mCherry-EB3, 50-100 nM Eribulin had a significant catastrophe-promoting effect at the plus end ( Figures 2G and  2H ), while five to ten times higher drug concentrations were needed to induce a profound effect on microtubule plus-end dynamics (reduction of growth rate) in the absence of mCherry-EB3 ( Figures 2D and 2E) . The EB-induced catastrophe enhancement could be explained by the fact that EBs accelerate GTP hydrolysis and/or promote structural changes at growing microtubule tips [23, 24] . At 500 nM or higher Eribulin concentrations, microtubules imaged in the presence of mCherry-EB3 failed to elongate due to very frequent catastrophes (data not shown); however, at 250 nM Eribulin, some microtubule plus-end growth was observed both with and without mCherry-EB3 ( Figures 2E  and 2H ), thus allowing for a direct comparison. With tubulin alone, a mild reduction of the microtubule growth rate was observed in these conditions, while the catastrophe frequency was not affected (Figures 2D and 2E ). In the presence of mCherry-EB3, the microtubule growth rate was reduced and the catastrophe frequency increased almost 3-fold ( Figures 2G  and 2H ). Microtubule minus-end dynamics was not significantly affected in the presence of mCherry-EB3 and 250 nM Eribulin ( Figure 2I ). Importantly, we found that the effects of Eribulin and Eribulin-A488 on microtubule dynamics were very similar, indicating that the addition of the fluorescent label did not significantly affect the properties of the drug (Figures 2E-2I ). 
(legend continued on next page)
The impact of Eribulin on in vitro microtubule plus-end dynamics in the presence of mCherry-EB3 is similar to that observed in cells: 20 nM Eribulin decreased the microtubule growth rate by 20%, increased the catastrophe frequency by 2.5-fold, and thus strongly reduced the length of microtubule growth episodes; at 50 nM Eribulin, microtubule growth was almost completely stalled ( Figures S2I and S2J ). These results demonstrate that Eribulin potently inhibits microtubule plusend growth, in agreement with previous studies [5] [6] [7] , and that the catastrophe-inducing effect of Eribulin in cells can be reconstituted in vitro in the presence of EB3.
Eribulin Induces Microtubule Lattice Defects
The data collected thus far suggest that Eribulin-A488 can be used to perturb plus-end growth of individual protofilaments of a microtubule. To test this possibility, we focused on microtubules assembled in the presence of mCherry-EB3 because their growth was already affected by 50 nM of drug, a concentration at which the background fluorescence was sufficiently low for the imaging of single molecules. Using dual-color imaging with Eribulin-A488 and mCherry-EB3, we detected distinct drug binding events at microtubule plus ends ( Figures 3A and 3B ). These events corresponded to transient immobilization of single Eribulin-A488 molecules, as demonstrated by quantification of fluorescence intensities ( Figure 3C ). The residence times of Eribulin-A488 on microtubule plus ends were exponentially distributed with a mean value of 4.0 ± 0.5 s (n = 120) ( Figure 3D ). In 29% of cases, the interaction of Eribulin-A488 with microtubule plus ends was followed by a catastrophe within a period of 0 to 5 s (n = 111). In the remaining cases, the microtubules continued growing and extended up to 3.5 mm in length after an Eribulin-A488 molecule bound to the microtubule tip ( Figures  3E and 3F) ; however, both the overall growth length and the growth duration were significantly shorter compared to microtubules that were not targeted by the drug in the same assay ( Figures S3A-S3D) . Importantly, microtubule growth beyond the Eribulin binding site was invariably perturbed: the rate of microtubule growth was reduced by 33% ( Figure 3G ) and the intensities of mCherry-EB3 plus-end comets dropped almost immediately after Eribulin-A488 binding ( Figures 3H and  S3E) . Such a reduction in intensity could be simply due to the slower microtubule growth rate [20] ; however, perturbation of the microtubule plus-end structure upon drug binding might also contribute to the reduced mCherry-EB3 signal. Indeed, the mCherry-EB3 signal after Eribulin binding was often less continuous than during normal microtubule growth ( Figures 3A  and 3B ).
To confirm these observations, we investigated the distribution of mCherry-EB3 comet intensities during growth frameby-frame in the presence and absence of 200 nM Eribulin, the concentration at which microtubule growth episodes are strongly affected but nevertheless long enough to be observable ( Figures S3F-S3H ). We found that EB3 intensities were strongly shifted toward lower values, corresponding to the frequent temporary loss of the mCherry-EB3 signal. This result cannot be explained by a slower microtubule growth rate because microtubules assembled in the presence of reduced tubulin concentrations, which elongated even slower, did not show interrupted mCherry-EB3 signals (Figures S3F-S3H ). These data suggest that Eribulin binding to microtubule plus ends does not simply slow down tubulin addition but also has an effect on the microtubule tip structure.
To further assess the microtubule elongation process upon Eribulin binding, we quantified the straightness index of microtubule tip growth, which is the ratio between the start-to-end displacement of a microtubule tip and the total length of the path that the tip has traveled [25] . We found that the straightness index was reduced by 0.2 after Eribulin binding to a growing microtubule tip, while a reduction of not more than 0.02 could be expected based on the extent of microtubule elongation within the 10-s period of a measurement ( Figures 3I and S3I ). This result could not be explained by the reduction in microtubule growth velocity since a similar 30% reduction in microtubule polymerization rate obtained by decreasing the tubulin concentration did not affect the straightness index ( Figures  S3G and S3J) . Instead, these results indicate that the binding of a single Eribulin molecule induces slow and erratic microtubule plus-end growth that deviates from a straight path, suggesting an alteration in the mechanical properties of the microtubule. Based on these observations and on our structural data indicating that Eribulin is expected to prevent protofilament elongation, we propose that Eribulin binding induces protofilament loss and a lattice defect, such as the formation of an incomplete, more flexible tube, which can propagate for several micrometers.
Repair of Eribulin-Induced Microtubule Lattice Defects
We next sought to investigate whether an Eribulin-induced lattice defect can be repaired. Indeed, such an event is shown in Figures 3B (event 6 ; enlarged in Figure 4A ): after Eribulin binding, the growth of the mCherry-EB3 comet slowed down and became less intense, while a second, faster growing comet emerged from the site of Eribulin binding after the drug dissociated. This ''rear comet'' eventually caught up and fused with the ''leading comet'' ( Figure 4A ). We found that 150 nM of Eribulin was optimal to observe such comet ''splitting'' events. Importantly, analysis of mCherry-EB3-labeled microtubule tips revealed that split comets can also be observed in the absence of Eribulin, although with a greatly reduced frequency compared to the ones imaged in the presence of the drug (Figures 4B-4D) . The average length traveled by the rear comet during catchingup episodes was 0.5 ± 0.1 mm. Comet splitting events were always accompanied by a reduction in the growth speed of the leading comet and the emergence of a much faster rear comet, which eventually fused with the leading one ( Figures 4A-4E) . Furthermore, the intensities of both the leading and the rear comets were always lower than the ones observed either before the initial comet splitting or after their merge ( Figure 4E ). This result suggests that both the leading and rear comets contain only a subset of protofilaments. The brightness of an EB comet depends on the growth rate [20] and the number of protofilaments [26] , which together define the number of EB-binding sites. Since the rear comet always moved faster than the leading one but the intensities of both comets after splitting were comparable ( Figure 4E) , it is likely that the rear comet contained fewer protofilaments than the leading one. Additionally, the straightness index of the leading comet was significantly lower than that of the comet observed before the splitting event and correlated with the intensity of the comet ( Figures 4E and S4A ). This reduction of the straightness index was not due to a reduced precision of the localization of comet tips ( Figure S4B ). These findings suggest that the leading comet of a split event represents the elongation of a defective microtubule plus end that is more flexible. In line with this view, the straightness index increased approximately to the initial value after the rear comet caught up with the leading one ( Figure 4E ). This result suggests that the fusion of the two comets reflects the restoration of the microtubule tip structure that has been perturbed due to Eribulin binding. Consistent with this hypothesis, we found that at 150 nM Eribulin microtubules featuring catching-up events grew on average longer than microtubules without such events ( Figure 4F ). We did not detect a similar dependence in microtubules imaged in the absence of Eribulin (Figure 4F ), most likely because catching-up events in such conditions are rare.
Based on the results obtained in the presence of Eribulin, we reasoned that if catching-up events represent rescues of growing microtubules that were on a path toward a catastrophe, then the properties of the leading comets during such events might be similar to those of control microtubules that are in a pre-catastrophe state. Previous work showed that the EB comet intensity is gradually reduced before a catastrophe occurs [26, 27] . We confirmed this observation, but also found that the microtubule growth velocity and the straightness index were both gradually reduced during the 10-s period preceding a catastrophe ( Figure S4C ). This observation suggests that the properties of a microtubule plus end that is in a pre-catastrophe state are similar to those of a microtubule tip whose proper elongation is perturbed by a drug that inhibits protofilament elongation.
Conclusions
Our data suggest that Eribulin can destabilize microtubules or suppress microtubule dynamics by either sequestering tubulin dimers into assembly-incompetent tubulin-drug complexes at high drug concentrations, or by perturbing protofilament elongation at microtubule plus ends at low drug concentrations. In the latter case, we favor the idea that Eribulin physically blocks a protofilament end; however, alternative models involving more complex perturbations of the microtubule-end structure cannot be ruled out at this stage. Interestingly, we also occasionally observed indications of protofilament blocking in control microtubules in the absence of any drugs, an effect that could contribute to naturally occurring catastrophes. Previous work has shown that the catastrophe frequency might reflect the accumulation of structural defects, such as plus-end tapering due to asynchronously growing protofilaments [1] [2] [3] [4] . Strikingly, we found that the behavior of a pre-catastrophe microtubule tip in control microtubules is similar to the ones that are expected to lack protofilaments after Eribulin binding: in both cases the growth rate, the EB3 comet intensity and the straightness index were reduced. Therefore, it is tempting to propose that lagging protofilaments represent a pathway toward microtubule catastrophe, and it is possible that EB proteins affect this pathway by influencing the stability of the microtubule-end structure that lacks protofilaments. In conclusion, our approach represents a general strategy to investigate and manipulate the dynamics of cytoskeletal arrays at high resolution. In addition, it provides a unique way to directly visualizing individual therapeutically relevant microtubule-targeting drugs as they interact with their molecular target.
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